Most climate scientists around the world are concerned about global warming. These concerns have resulted in calls for reductions in CO 2 emissions over time. If these calls are to be heeded, an appropriate emissions accounting method must first be agreed upon by CO 2 emitting countries, none of which are more important than China. This paper estimates China′s CO 2 emissions in 2002 and in 2007 using firstly a production-based, and then a consumption-based, accounting method, both in aggregate and at the sectoral industry level. Our objectives are first to investigate the recent trends in Chinese emissions of CO 2 , and second to reveal the extent of the differences in the estimates produced by these two methods. Our estimates confirm what others have found, namely that Chinese emissions of CO 2 increased substantially over this relatively short time period. Furthermore, the consumption-based method results in China being responsible for 38% fewer emissions in 2007 than would be the case with the production-based method. Problems caused by global warming will only be ameliorated if an acceptable worldwide distribution of responsibilities for emissions reduction efforts can be found. We believe that the consumption based method is more appropriate because it allocates responsibilities according to final consumption. than would be the case with the production-based method. Problems caused by global warming will only be ameliorated if an acceptable worldwide distribution of responsibilities for emissions reduction efforts can be found. We believe that the consumption based method is more appropriate because it allocates responsibilities according to final consumption.
Introduction 1
Over the last 50 years, the accelerating rate of globalisation has resulted in perhaps the greatest geographical and chronological separation between production and final consumption in documented history. Combined with the recent threat of climate change, this phenomenon has resulted in an increasingly sharp focus being directed to the quantum of greenhouse gas emissions embodied in exported and imported goods and services. This focus is especially concerning for countries heavily involved in world trade, and few are more heavily involved than China.
Over the last two decades China has become the dominant supplier of manufactured exports to many of the world's economies. Whilst this remarkable economic achievement continues to transform the Chinese urban and rural landscape, most of China's burgeoning electricity needs are met via the burning of coal. Hence considerable worldwide attention is now focused on China's enormous and growing output of emissions, especially of the greenhouse gas Carbon Dioxide (CO 2 ). The United Nations Framework Convention on Climate Change (UNFCCC) requires that all parties to the convention develop and submit national greenhouse gas inventories on the basis of a production-based accounting approach where countries are held responsible for the CO 2 emissions that emanate from all productive activities within their national geographic borders.
A production based accounting approach makes for a relatively straightforward measurement task. However, it ignores the phenomenon, which is especially relevant for China and its major trading partners, known as carbon leakage (Lin and Sun, 2010) . Carbon leakage occurs when a country is able to reduce its greenhouse gas inventories by importing goods from another country. In the case of trade between Australia and China, for example, the production based approach means that China is held responsible for all of her emissions of CO 2 despite the fact that some of her output, especially of manufactures such as whitegoods, is produced for consumption in Australia. In this way the production based approach can result in an accounting discontinuity whereby the final consumers of output are not held responsible for the entirety of the greenhouse gas emissions that result from their consumption activities.
In response to this potentially inequitable outcome, a more sophisticated but more complicated consumption-based greenhouse gas accounting approach has been advocated, which is summarised diagrammatically by Figure 1 . With this approach a country such as China would be held responsible for CO 2 emissions from domestic production of goods and services for local consumption (flow A), CO 2 emissions embodied in imported final consumption goods (flow B) and CO 2 emissions embodied in imported intermediate goods requiring re-processing for domestic consumption (flow F). Additionally, China would be held responsible for only the domestic CO 2 emissions added whilst re-processing intermediate goods for eventual re-export (flow D), but would not be held responsible at all for CO 2 emissions from the production of goods for export (flow C). Note: EDP= emission embodied in domestic production; EDC=emission embodied in domestic consumption, from both domestic and foreign production; EEX= emissions embodied in export, exports of domestic production and re-export; EEI=emission embodied in import, including foreign imports as domestic final consumption and imports as intermediate inputs for re-processing and export. Source: Constructed by authors.
In this way the consumption-based approach allows emissions to be assigned to individual countries in a consistent manner based on final consumption (Wiedmann, 2009 ). Compared to the production based accounting approach, especially given the volume and asymmetric nature of much world trade, the consumption based approach would in some cases significantly alter the way in which responsibility for CO 2 emissions are assigned and, as a corollary, the distribution of responsibilities that would fall on individual member countries for any agreed upon overall greenhouse gas emissions reduction target in a post-Kyoto framework.
Early empirical studies on this issue tended to focus on developed countries. For example, Wyckoff and Roop (1994) first investigated CO 2 emissions embodied in exports and imports for six OECD countries from 1984 to 1986 and found that imports indeed reduce the necessity for domestic emission reduction measures.
Subsequent studies on the relationship between trade and CO 2 emissions include Munskgaard and Pedersen (2001) for Denmark, Mongelli et al. (2006) for Italy, Ghertner and Fripp (2007) for the USA, and McGregor et al. (2008) for the UK.
These studies adopt extended environmental input-output (I-O) analyses which allow emissions and resource use to be assigned to final demand in a consistent manner.
China has received more attention recently. For example, Pan et al. (2008) Similarly, Lin and Sun (2010) emissions are directly attributable to the production of manufactured exports for consumption in the USA. Applying a similar methodology, Li and Hewitt (2008) find that about 4% of China's emissions of CO 2 were due to the production of manufactured exports for consumption in the UK.
Although these and other studies have made significant contributions to our understandings in this area, two challenges remain. Firstly, most studies assume that the emissions embodied in, and therefore the emissions avoided by, intermediate demonstrate the magnitude of the differences between the two measurement approaches. Secondly, using the consumption-based approach, we provide more detailed microeconomic snapshots of sectoral CO 2 emissions by adopting a sectoral environmental input-output analysis. Finally, unlike many prior studies which adopt the EAI assumption, our estimates are based on a weighted average emissions intensity for intermediate imports, the weights being the shares of each major trading partners imports into China. This is a potentially important adjustment to the measurement approach because the emission intensity of Chinese producers is generally regarded as being much higher than that of similar producers in developed countries and so our adjustment means that the emissions avoided by China via importation of intermediate goods is much lower than would have been the case with the earlier simplifying assumption.
The remainder of this paper is structured as follows. In the next section we discuss the measurement methodology used in this paper. In section III we discuss our data, present and interpret our results. Finally section IV concludes.
Estimating CO 2 emissions: methodology
CO 2 emissions for China can be estimated at the sectoral level by using the following International Panel on Climate Change (IPCC, Houghton et al., 1996) formula: dioxide emissions from energy source g (the three major energy sources being coal, oil and gas). Emissions of carbon dioxide from the ith sector will thus depend on the consumption of the g th energy in the i th sector ( ig E ) (with these being typically measured in tons of coal equivalent (tce)) 2 as well as the carbon emissions factors for each energy source ( g CEF ). These are assumed to be 0.7266 for coal, 0.5588 for oil and 0.4224 for natural gas (see appendix 1 for details).
g COF represents the carbon oxidisation factors. We use the default values obtained from Houghton et al. (1996) which are 0.98 for coal, 0.99 for oil and 0.995 for natural gas. Finally, the ratio 44/12
is the molecular weight ratio of carbon dioxide to carbon. Therefore, the calculated CO 2 emission coefficient ( 44 12 g g CEF COF × × ) for coal, oil and natural gas are, respectively, 2.611, 2.028 and 1.541 tons of CO 2 per ton coal equivalent.
(a) Emission embodied in domestic production (EDP)
Assuming that an economy includes n industries, the input-output model indicates Sectoral output can be defined as,
where 
(b) Emissions embodied in domestic consumption (EDC)
EDC is given by: been produced domestically and hence fail to capture potentially important national differences in both the energy and carbon intensity of foreign production and consumption (Pan et al., 2008) . Hence many studies produce estimates that typically overestimate emissions embodied in imports because the emission intensity of China is relatively high compared to those of its trading partners.
However unlike Pan et al. (2008) who assume that the national average emissions intensity explains the country's exported goods, we apply a weighted average emissions intensity of imports. Our assumption is that the average emission intensity consumption, a positive and increasing BEET may reflect a rate of increase in the scale of production within the domestic economy which is faster than that for consumption. On the other hand a falling BEET surplus could indicate a rate of technological progress in the domestic economy that is faster than that of its trading partners. We now present our estimates of China's CO 2 emissions using both production and a consumption based approaches.
Chinese CO 2 emissions
Our primary energy data on Chinese energy consumption (coal, oil and natural gas)
are from the China Energy Statistical Yearbook (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . GDP, population, economic structure and input-output tables are from the China Statistical Yearbook 
(b) The EDP approach
Chinese emissions embodied in domestic production (EDP) have been estimated by using equation 3 and our estimates are presented in Table 1 . Just to reiterate, the EDP estimates represent the production-based accounting method and ignore emissions embodied in imports (EEI). Our own estimations of EDP are consistent with those of the IEA (2011) and from the China Energy Statistical Yearbook (2010). Table B ).
(C) The EDC approach
As noted earlier, EDP + EEI -EEX = EDC. Thus EDP minus EDC will reveal the balance of CO 2 emissions that are embodied in international trade (BEET). EDC has been estimated below using equation (4) China's embodied CO 2 emissions to determine how many Mt of carbon emissions will need to be reduced to achieve this goal. Not surprisingly, EDP, EDC and EEX will need to fall significantly, to 3112 Mt, 2165Mt and 1771Mt, respectively. And if we assume that the emission intensity of importers does not change, the BEET falls to 947 Mt. Authors' calculation. EDP (which is equal to the domestic embodied emission intensity multiplied by the final use) is negative in some sectors, such as MNI and CGP industries, due to the negative final use in these industries. It means the total outputs of these industries are insufficient to meet the domestic production demand of entire economy. Some intermediate input is imported from overseas to satisfy the demand. Therefore, when the total output is less than the intermediate input, the final use is negative.
Conclusions
The rapidly increasing worldwide emissions of CO 2 are likely to be a major contributor to the process of global warming and so continue to be a cause for considerable worldwide concern. With this concern may emerge pressure for individual countries to reduce their emissions so as to mitigate the worst potential effects of global warming. Such pressures ought to be based on methodologically sound CO 2 accounting principles. Whilst both the EDP and the EDC approaches have been utilised, we believe that the EDC approach is the more acceptable approach because it allocates 'ownership' rights to countries based on both production and consumption activities. Importantly, the differences between the two approaches are not trivial. In 2007, our estimates reveal that by utilising the EDC approach, China would be responsible for 38% less emissions than would be the case with the EDP approach. This discrepancy is consistent with our estimate of China's BEET surplus for 2007 which was three times higher than in 2002, reflecting China's rapidly increasing scale of production, much of which is for foreign consumption. Thus, in our view, a global based consumption accounting approach gives more appropriate estimates of the CO 2 emissions which China should plausibly be held responsible for.
The net exported emissions were increased from 21.7% in 2002 to 37.9% in 2007.
The results are consistent with those of Pan et al. (2008) and Wang and Watson (2007) . Pan et al. (2008) Addressing the highly emissions embodied sectors is one way to resolve this issue domestically even though this is not an ideal method. MEM (manufacture of machinery and equipment) sector alone accounts for around 42% of China's overall EEX. This result is consistent with Lin and Sun (2010) and Pan et al. (2008) . TWL (manufacture of textile, wearing apparel & leather products), CMI (chemical industry) and MPM (manufacture and processing of metals and metal products) explain around 35 percent of overall EEX. These sectors are highly energy intensive and so any attempts to reduce carbon leakage will need to focus substantially on these sectors. The full role of processing trade is not completely accounted for in this study because of the need to access and analyse the input-output data for all of China's major trading partners but at the sectoral level. This is the subject of ongoing work. Finally, application of multi-region I-O model will provide further insights which is not addressed in this study. 
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